Abstract: Considering the need of applicability of green chemistry in research, a series of heterogeneous catalysts, viz., sulfated iron oxide, zirconia supported tungstophosphoric acid and sulfated zirconia have been synthesized by a solvent-free method. The prepared catalysts were used in the esterification of nonanoic acid with methanol and were compared with ion exchange resins for the assessment of their catalytic performance. Sulfated iron oxide was found to be best with an acid conversion of 83%, which is quite comparable with Amberlyst 15 and Dowex50Wx2. The high catalyst loading, cost, low thermal stability, and long reaction time make ion exchange resins uneconomical to use over other alternatives that result in same efficiency with low cost. Sulfated iron oxide was further optimized for its preparation conditions for high catalytic performance in the esterification reaction. The catalysts were characterized for their crystallinity, surface morphology, composition, weight loss, and structure by X-ray diffraction, scanning electron microscopy, energy-dispersive X-ray spectroscopy, thermogravimetric analysis, and Fourier transform infrared spectroscopy. The evaluated catalysts were compared on the basis of their preparation time, catalytic performance, catalyst loading, reaction time, and overall cost.
Introduction
The esterification of nonanoic acid with methanol is of considerable interest owing to the various industrial significance of methyl nonanoate, an organic ester formed by this reaction. Methyl nonanoate is used as a plasticizer and a lubricating oil. It is used to modify alkyd resins to prevent discoloration and to keep its flexibility. It is resistant to aging because of the oxidation of saturated nonanoic acid. It is also used as an active ingredient of herbicides and as an intermediate during the formation of synthetic flavors, pharmaceuticals, corrosion inhibitors, and ingredients of cosmetics [1] .
Esterification reactions can be performed in the presence of different catalysts such as homogeneous, heterogeneous, or biocatalysts that are used to augment the reaction rate over bare reactions. The catalyst increases the rate of the protonation of carboxylic acid, which further increases the rate of the esterification reaction. Homogeneous catalysts, e.g. sulfuric acid and HCl, are admired for their rapid action but produces acidic waste, side products, and corrosion and cannot be separated from the reaction mixture. By contrast, biocatalysts are the natural catalysts that execute chemical transformations at a very sluggish rate (2-3 days) to reach the equilibrium. Hence, heterogeneous catalysts are preferred because they are reusable, noncorrosive, and cost efficient; they do not form side products; and they are eco-friendly in nature [2] [3] [4] .
Esterification reactions of the range of carboxylic acids with alcohols have been investigated by many researchers for the production of useful esters. Generally, low chain carboxylic acids have been investigated to address issues in esterification reaction because of its effortlessness, easy availability, and basic reaction products, but the investigation on higher chain carboxylic acids is quite incomplete [5] [6] [7] [8] . Thus, in an attempt to extend a better understanding for the behavior of higher chain acids in heterogeneous acid catalyzed esterification, a set of catalysts were developed and investigated in this work. In distinction to the widespread studies made on the structural effects of other carboxylic acids, the esterification of nonanoic acid with methanol has been hardly explored for heterogeneous catalysts, especially by green catalysts. Previously, Sharma et al. [1] have investigated the kinetics and adsorption studies for the esterification of nonanoic acid with methanol using Amberlyst 15 as a catalyst. Also, several reports have revealed Amberlyst 15 as one of the most popular catalysts in the ion exchange resin series [9] [10] [11] . Nonetheless, it has been shown to exhibit restrictions in applicability for catalyzing esterification reaction because of its low thermal stability, high price, and catalyst loading [12, 13] . In an attempt to discover a substitute catalyst that is cost effective, temperature resistant, and results in same efficiency, the method of green chemistry is implemented. Green chemistry, which is also known as sustainable chemistry, is an engineering that encourages the design of products and processes that diminish the use and production of hazardous substances [14] . A series of catalysts using diverse supports can be prepared using these methods. In particular, sulfated metal oxides have received considerable attention in different esterification reactions as a catalyst because of their low cost, easy preparation, applicability at high temperatures, effectiveness, high surface area, and acidity [15] [16] [17] [18] [19] [20] . Preparing these catalysts by green chemistry can be performed at both industrial scale and laboratory scale.
The general scheme of the esterification reaction of nonanoic acid with methanol is shown in Scheme 1.
The present work elaborates the preparation of different heterogeneous catalysts and the investigation of their catalytic performance in the esterification of nonanoic acid with methanol. Further, the prepared catalysts were compared with ion exchange resins (from our previous research work [1] ) for their efficiency, preparation time, catalyst loading, overall cost, and reaction time. After optimizing sulfated iron oxide as a preeminent catalyst, the impact of varying sulfate loading, catalyst loading, and mixing time of the precursor was investigated in the esterification system for maximum acid conversion.
Materials and methods

Materials
Nonanoic acid (purity > 99.5) and methanol (purity > 99), were procured from Merck, Mumbai, India. Amberlyst 15, Amberlyst 35 were purchased from Rohm and Hass, Philadelphia, PA, USA. Dowex50wx2 was obtained from Dow Ltd., Midland, MI, USA. Iron oxide, ammonium sulfate was also obtained from Merck, Mumbai, India. Zirconium oxychloride and tungstophosphoric acid were obtained from SD Fine Ltd., Mumbai, India. 
Catalyst preparation
Ion exchange resins were washed with distilled water for many times and then dried at ambient conditions for 4-5 h. Then the resins were dipped in 0.1 N HCl solution for half an hour. The solution was then separated from the catalyst by filtration and dried for approximately 48 h. Zirconia-supported tungstophosphoric acid (Zr-TPA) was prepared according to the procedure given by Sharma et al. [21] . A solvent-free method was used to prepare sulfated zirconia (SZ) by the procedure given by Sun et al. [22] . Similarly, sulfated iron oxide (SIO) catalysts were synthesized in varying molar ratio of iron oxide to ammonium sulfate (1:2, 1:6, and 1:10 known as SIO1, SIO2, and SIO3, respectively). The obtained mixture was mixed in mortar and pestle for varying mixing time (20 and 40 min known as SIO3a and SIO3b, respectively), ensuring the complete embedment of particles into one another. The resulting mixture was then air-dried at room temperature for a period of 18 h for maturation. After this, the mixture was calcined at a temperature of 500°C for the time span of 7 h, as reported in our previous research work [20] .
Apparatus and procedure
The esterification reaction was performed in a three-necked glass flask with a 250-ml capacity. Reflux condenser was used to elude the loss of volatile compounds. In the entire experiments, the molar ratio of nonanoic acid to methanol used was 1:10. Catalyst loading was optimized in the range of 3.0-4.5 g/l. A known quantity of nonanoic acid and the catalyst were charged into the reactor and heated to the preferred temperature. The temperature was sustained by using water bath within the accuracy of ±273.35 K. Methanol was heated separately at the same temperature. The time when methanol was added to the mixture was recorded as the zero time of reaction. The reaction mixture was continuously stirred at a fixed RPM of 500. All the reactants were volumetrically measured and charged in the reactor for esterification reaction. Reaction progress was made by withdrawing samples at fixed intervals for analysis by potentiometric titration using 0.05 N NaOH and phenolphthalein as an indicator.
Characterization of catalysts
Various techniques, i.e. X-ray diffraction (XRD), Fourier transform infrared (FTIR) spectroscopy, scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDX), and thermogravimetric analysis (TGA), were used to characterize the catalysts for their properties. Crystallite size was found by means of XRD (X'Pert Pro diffractometer, D/max rA) using CuKα radiation with a wavelength of 1.54 Å at the rate of 1°/min in the range of 2Θ = 2°-90°. FTIR spectra of catalysts were obtained using model RX-IFTIR from Perkin Elmer in the which is comparable with the former catalysts at the same reaction conditions. Considering the overall cost and catalyst loading of all catalysts, sulfated iron oxide is found to be the cheapest and most efficient catalyst among all the used catalysts. Thus, the preparation parameters of sulfated iron oxide were optimized to achieve the maximum acid conversion in the esterification of nonanoic acid with methanol.
X-ray diffraction of sulfated iron oxide
XRD was performed to determine the crystallite size of sulfated iron oxide catalysts with varying sulfate loading (SIO1, SIO2, and SIO3). The diffraction patterns revealed the increasing crystallinity with an increase in sulfate loading (mixing period of 40 min), as shown in Figure 2 . The peak at the higher diffraction angle of 2Θ = 24.9° was used to measure the average crystallite size using the wellknown Scherrer equation, that is, 54.42, 70, and 73.5 nm for SIO1, SIO2, and SIO3, respectively. It was found that with the addition of the sulfate groups, a slight variation in the diffraction patterns was observed. However, the XRD patterns are somewhat consistent with the peaks reported in literature [20] . The structure of the catalyst is found to be orthorhombic with simple lattice. It is based on the fact that when α-Fe 2 O 3 is exposed to pressure, it changes to β-Fe 2 O 3 , which has an orthorhombic crystal structure. This change of phase happens during the mixing for catalyst formation [23] .
Sharpness in the peak indicates the increase in crystallinity. It was observed from Figure 2 that with the increase range of 400-4000 cm -1 using KBr pellets. The surface morphology and the particle size of the agglomerate of catalysts were investigated by SEM analysis (Zeiss EV050) by sprinkling catalysts on carbon tube. EDX (Bruker AXS, QuanTax 200) was used to find the actual chemical composition of prepared catalysts. Wavelength-Dispersive X-ray Fluorescence-S8 Tiger (WD-XRF) from Bruker, Germany, was also used to verify the elemental composition of catalysts. TGA was performed to observe the weight loss of catalysts, with 10 mg of catalyst sample at a heating rate of 10°C/min and temperature ranging from 25°C to 400°C.
Results and discussion
Comparison of different types of heterogeneous catalysts
Experiments were conducted using different prepared heterogeneous catalysts, i.e. SZ, SIO, and Zr-TPA, in the esterification of nonanoic acid with methanol at a fixed temperature of 333.15 K. The reaction was conducted at a molar ratio (nonanoic acid and methanol) of 1:10, an RPM of 500, and a catalyst loading of 4.0 g/l for SZ, SIO, and Zr-TPA and 65.87 g/l for Amberlyst 15, Amberlyst 35, and Dowex50Wx2. The catalytic activities of all the catalysts were observed in terms of acid conversion. The Zr-TPA has shown the highest conversion of 85% among all the used catalysts, as shown in Figure 1 . From our previous work, Dowex50Wx2 and Amberlyst 15 (A15) have shown the conversion of 83% and 82%, respectively, after a reaction time of 6 h at the same reaction conditions [1] . Sulfated iron oxide (SIO3a) has achieved the conversion of 83.4%, in loading of sulfate anions, crystallinity has increased [24] . These sulfate anions act as active sites during the reaction on catalyst surface. Methanol is adsorbed on the catalyst surface to form methoxy intermediate, which further reacts with the nonanoic acid-catalyst complex, hence producing ester and water. The presence of more sulfate anions results in the increased probability of formation of a product that results in the enhanced conversion of acid [25] . Thus, the increase in crystallinity with an increase in sulfate loading is probably a reason for higher active sites, which is the reason behind the enhanced conversion with large sulfate loading.
FTIR of sulfated iron oxide
FTIR spectra of sulfated iron oxide catalysts (SIO1, SIO2, and SIO3; mixing time of 40 min) were performed to know the attached functional groups, as shown in Figure 3 . 
SEM and EDX
The micrograph obtained from the SEM of SIO3b catalyst is shown in Figure 4 . It depicts the agglomeration of particles ranging from 4 to 5 μm in length in the form of a nonuniform needle-shaped arrangement. The particle size of SIO3b catalyst is much bigger as compared with the particle size of bare Fe 2 O 3 . Also, the morphological features of catalysts have changed significantly as compared with the precursor. EDX has shown the presence of sulfate groups on the surface of Fe 2 
Thermogravimetric analysis
TGA of sulfated iron oxide SIO3b was conducted to determine the weight loss of catalysts with the increase in temperature. The first weight loss of 2.5 mg occurred at temperatures ranging from 0°C to 180°C, which is due to the removal of free and adsorbed water. The second weight loss of 2.3 mg has observed in 180-400°C, which is considered to be due to dehydroxylation, as shown in Figure 5 . TGA of catalysts has revealed the total weight loss of up to 4.8% at the sample temperature of 400°C, which shows its stability even at high reaction temperature.
Effect of variation in sulfate loading
The sulfate loading on iron (III) oxide was varied for SIO1, SIO2, and SIO3. All the prepared catalysts were calcined at 500°C for 7 h. The reaction temperature was fixed at 333.15 K using a molar ratio of 1:10 (acid-alcohol) and an RPM of 500. The catalysts were investigated in the esterification reaction of nonanoic acid with methanol using a catalyst loading of 4.0 g/l, and results are shown in Figure 6 . SIO3 catalyst has presented the maximal conversion of 83.4%, followed by SIO1 and SIO2 with 80% and 75% after a reaction time of 6 h. Thus, the catalyst with a molar ratio of 1:10 was optimized for the preparation of the sulfated iron oxide catalyst. The increase in sulfate loading has increased crystallinity and acidity, which resulted in a higher activity of catalysts. These results are also supported by the XRD and FTIR of catalysts.
Effect of variation in mixing time of the precursor
After optimizing sulfate loading, the mixing time of the precursor with iron (III) oxide was varied for the period of 20 and 40 min for the preparation of catalysts (SIO3a and SIO3b, respectively). These catalysts were calcined at a temperature of 500°C for 7 h. The reaction temperature was again fixed at 333.15 K using a molar ratio of 1:10 (acidalcohol) and an RPM of 500. The catalyst loading taken was 4.0 g/l. The catalysts were used in esterification reaction for their catalytic activity. It was observed that the catalyst with a mixing time of 40 min has achieved the maximum conversion of 83.4% after a reaction time of 6 h, as shown in Figure 7 . This is due to the appropriate embedment of catalyst particles. These results are supported by our previous research work [20] .
Effect of variation in catalyst loading
Given that catalyst loading plays an important role in esterification reactions, its effect was studied by varying from 3.0 to 4.5 g/l, as shown in Figure 8 . It was found that with the increase in catalyst loading from 3.0 to 4.0 g/l, the conversion has increased from 71% to 83.4% after a reaction time of 6 h. With the further increase in catalyst loading of 4.5 g/l, conversion has decreased because of the mass transfer limitations. Thus, the catalyst loading was optimized at 4.0 g/l.
Kinetic model
The esterification of nonanoic acid with methanol is a reversible reaction. The rate of reaction for this esterification reaction is written as follows:
methyl nonanoate (C ) water (D),
where C A , C B , C C , and C D denote the concentration of nonanoic acid, methanol, methyl nonanoate, and water, respectively, and k f and k b are the kinetic constants for the forward and backward reaction, respectively. The molar ratio of acid to alcohol taken was 1:10; hence, M = 10 for all the reactions. Thus,
However, at equilibrium, 
acid with methanol. The high acid conversion in less reaction time using low catalyst loading reduces the overall cost of system. This procedure saves energy and time, which makes it preferable over other evaluated catalysts. 
For Y = mx. The rate constant for forward reaction (k f ) for different catalyst loadings was obtained by plotting Y versus time (t). The values of k f are reported in Table 1 .
Comparison of all the catalysts for different parameters
The prepared catalysts were compared for acid conversion, catalyst loading, and reaction time, as shown in Table 2 . After comparing from the viewpoint of the abovementioned parameters, sulfated iron oxide was found to be easy to prepare, efficient even when used in low amounts, and highly active, and the reaction of the esterification of nonanoic acid with methanol takes less time to complete.
Conclusions
An eco-friendly, efficient catalyst for the esterification of nonanoic acid with methanol was developed and compared for its catalytic activity with ion exchange resins. Under the equivalent reaction conditions, sulfated iron oxide SIO3b prepared using the green method presented excellent outcome with the conversion of 83.4%, which is due to its higher crystallinity and acidity. The value of k f was calculated to be 9.2 × 10 -3 l 2 (mol g h) -1 for an optimum catalyst loading of 4.0 g/l. Sulfated iron oxide has a good potential as an alternate catalyst to high-cost ion exchange resins in the esterification reaction of nonanoic 
